The three effects of finite spatial aperture, recording time, and discrete spatial sampling are analyzed, assuming zerooffset recording, for the case of a linear (constant gradient) v(z) medium. Explicit analytic expressions are derived for the limits imposed on scattering angle for each of the three effects. Plotting these scattering angle limits versus depth limits for assumed recording parameters is an effective way to appreciate their impact on recording. When considered in context with f-k migration theory, these scattering angle limits can be seen to limit spatial resolution and the possibility of recording specific reflector dips. Seismic surveys designed with the linear v(z) theory are often much less expensive than constant velocity theory designs.
Introduction
Seismic line length and maximum record time place definite limits on the maximum scattering angle that can be recorded, and hence imaged, on a migrated zero offset section. Since horizontal resolution depends directly on the sine of the maximum scattering angle (Vermeer, 1990 and many others), it is important to understand these effects for survey design and interpretation. Furthermore, the observation of a normal incidence reflection from a dipping reflector requires having a scattering angle spectrum whose limits exceed the reflector dip. For constant velocity, these concepts are well understood but this approach often results in overly expensive survey designs. An analysis with a constant velocity gradient is much more realistic as it allows for first order effects of ray bending by refraction. Such an analysis is presented here together with a simple graphical method of assessing the results.
Theory
For constant velocity, the limits imposed on zero-offset scattering angle are easily derived using straight ray theory and have been shown (Lynn and Deregowski, 1981) to be:
In these expressions, A is the available aperture, T is the record length, z is depth, and v is the presumed constant velocity. θA and θT are limitations on scattering angle imposed by aperture and record length respectively ( Figure  1 ). Aperture is defined as the horizontal distance from an analysis point to the end of the seismic line or the edge of a 3-D patch and is thus dependent on azimuth and position ( Figure 2) . Alternatively, the record length limit has no lateral variation. Taken together, these expressions limit the scattering angle spectrum to a recordable subset. A third limiting factor is spatial aliasing which further constrains the possible scattering angle spectrum to that which can be properly imaged (migrated). (Liner and Gobeli, 1996 , give an analysis of spatial aliasing in this context.) The Nyquist requirement is that there must be at least two samples per horizontal wavelength to avoid aliasing:
Here, ∆x is the spatial sample size (cdp interval), λ and λx are wavelength and its apparent horizontal component, and θx is most properly interpreted as the emergence angle of a dipping event on a zero offset section. Consistent with zero offset migration theory, the exploding reflector model (Lowenthal et al., 1976) can be used to relate wavelength to velocity through λ = v/(2f) where f is some frequency of interest. This leads to an angle limited by spatial aliasing given by:
In the constant velocity case, the emergence angle of a ray and the scattering angle at depth are equal and thus equation (3) expresses the constant velocity limit on scattering angle imposed by spatial aliasing. For vertical velocity variation, v(z), the result still applies provided that θx is simply interpreted as emergence angle and v as near surface velocity. The emergence angle can be related to the scattering angle at depth using Snell's law. This is done by recalling that the ray parameter, p = sin(θ(z))/v(z), is conserved (Slotnick, 1959) , which leads to
This expression generalizes spatial aliasing considerations to monotonically increasing but otherwise arbitrary v(z) and θx is interpreted as the scattering angle from depth, z. Returning to constant velocity, equations (1), (2), and (4) can be used to create a scattering angle resolution chart for an assumed recording geometry, position on the line, frequency of interest and constant velocity. A typical case is shown in Figure 3 where it is seen that the aperture limit is concave upward and tends asymptotically to zero at infinite depth. The record length limit has the opposite curvature and reaches zero degrees at the depth z = vT/2. Both limits admit the possibility of 90° only for z=0. The spatial aliasing limit is depth independent but requires a frequency of interest which can conservatively be taken as the maximum (not dominant) signal frequency. Charts such as Figure 3 can be used as an aid in survey design but tend to give unrealistic parameter estimates due to the assumption of straight raypaths. In most exploration settings, velocity increases systematically with depth and thus raypaths bend upward as they propagate from the scatterpoint to the surface. Intuitively, this should lead to shorter aperture requirements and allow the possibility of recording scattering angles beyond 90° in the near surface. The spatial aliasing limit has already been discussed in this context and the aperture and record length limits will now be derived exactly for the case of a constant velocity gradient, that is when v(z) = vo + cz. The derivation requires solution of the Snell's law raypath integrals for the linear gradient case (Slotnick 1959) . These lead to the following relations:
and
where p A = sin(θA(z))/v(z) is the ray parameter for limiting aperture, p T = sin(θT(z))/v(z) is the record limit ray parameter, and v(z) is the linear velocity function. These expressions can both be solved for scattering angle to give
where
When equations 5, 8, and 9 are used to create a scattering angle resolution chart, the result is typified by Figure 4 . The parameters chosen are the same as for Figure 3 and the linear velocity function was designed such that it reaches 3500 m/s (the value used in Figure 3 ) in the middle of the depth range of Figure 3 . It can be seen that the possibility of recording angles beyond 90° is predicted for the first 1000 m and the aperture limit is everywhere more broad than in Figure 3 . The record length limit forces the scattering angle spectrum to zero at about 3700 m compared to over 5000 m in the constant velocity case. This more severe limit is not always the case, in fact a record length of 6 seconds will penetrate to over 12000 m in the linear velocity case and only 10500 m in the constant case. Also apparent is the fact that the spatial aliasing limit predicts quite severe aliasing in the shallow section though it gives exactly the same result at the depth where v(z) = 3500 m/s. Stolt (1978) established f-k migration theory for the poststack, zero-offset case. A fundamental result is that constant velocity migration is accomplished by a mapping from the (k x,ω) plane to the (kx,kz) plane as illustrated in Figure 5 . As shown in the Figure, the kx bandwidth after migration is limited by:
In this expression, kxmax is the limiting wavenumber to be expected from a migration with no limitation on scattering angle. In any practical setting, there is always a limit on scattering angle and it is generally spatially variant. The limit may be a result of the effects already discussed (aperture, record length, and spatial sample size) or any of many other possibilities including: the migration algorithm may be "dip limited", lateral or complex vertical velocity variations can create shadow zones, attenuation effects are dependent on raypath length and hence affect the larger scattering angles more. Whatever, the cause, a limitation of the range of scattering angles which can be collected and focused to a particular point translates directly into a resolution limit as expressed by equation (10). The size of the smallest resolvable feature, say δx, is inversely proportional to k xlim. For definiteness, let kxlim = α/(2δx), where α is a proportionality constant near unity, and solve for δx to get:
Since the aperture limit is x and z variant (and record length and spatial aliasing limits are z variant) δx must also vary with position. An interpretation of equation (11) is that it gives the smallest discernible feature on a reflector whose dip is normal to the bisector of the scattering angle cone at any position (refer to Figure 2 ). Next consider a 3000 meter long zero offset section, with spatial and temporal sample rates of 8 meters and .004 seconds. Figure 9 shows two different diffraction responses from a line of point scatterers at .9 seconds assuming a constant velocity of 2000 meters/second. On the left, a zero phase wavelet of 10-80 Hz bandpass has been used while on the right the bandpass was only 10-30 Hz. A constant velocity migration of both synthetic sections is shown in Figure 10 . The effect of spatial variation of the aperture limit can be easily appreciated by comparing the shapes of the focused diffractions with Figure 2 . Figure 11 shows enlargements of the fifth scatterpoint from the left in each case. In accordance with equation (11), the horizontal resolution is roughly doubled for the 10-80 Hz image relative to the 10-30 Hz image. Figure 12 shows the second scatterpoint from the left in both cases. The effect of aperture limitations is clearly evident here because the focused scatterpoint has an apparent dip roughly normal to the bisector of the possible scattering angle range as predicated from theory.
Examples

Conclusions
The scattering angle limits imposed by aperture, record length, and spatial sampling can be derived exactly for the case of constant velocity and for velocity linear with depth. The linear velocity results are more realistic and lead to considerably different, and usually cheaper, survey parameters than the constant velocity formulae. When combined with f-k migrations theory, resolution limits may be approximately predicted. Figure 12 . Enlargement of the second scatterpoint from the left in Figure 10 .
